Summary: The accurate mass and time (AMT) tag approach is used for analysis of large scale experiments by combining information generated over multiple datasets and instrument types. The VIPER software package is one of the key components of the data processing pipeline and implements automated algorithms to discover LC-MS features, align and match these LC-MS features to a database of peptides previously identified in LC-MS/MS analyses, and identify and quantify pairs of isotopically labeled peptides. Availability: VIPER may be downloaded free of charge at http:// ncrr.pnl.gov/software/
INTRODUCTION
VIPER (Visual Inspection of Peak/Elution Relationships) is an advanced software package developed initially to support high-throughput peptide identification in the accurate mass and time (AMT) tag approach to high-throughput proteomics (Zimmer et al., 2006) . This approach is similar to 'shotgun' proteomics approaches (Washburn et al., 2001) in that proteins are first enzymatically cleaved into peptide fragments and then analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) to identify peptides using conventional software tools, such as SEQUEST, Mascot or X!Tandem (Craig and Beavis 2004; Eng et al., 1994; Perkins et al., 1999) . However, unlike shotgun approaches, the results from these initial analyses are stored in a reference database in the form of mass and (LC elution) time tags. Each tag serves as a unique 2D marker for subsequent identifications of that particular peptide by high-resolution, high mass accuracy LC-MS (e.g. Fourier transform ion cyclotron resonance). The LC-MS data are first processed using another PNNL developed software package called Decon2LS (http://ncrr.pnl.gov/software/) that uses a version of the THRASH algorithm (Horn et al., 2000) to detect features (and their monoisotopic masses) in the individual mass spectra. VIPER then processes collections of MS features (e.g. as found using Decon2LS) across elution time to identify unique 'LC-MS features,' and also calibrates elution times, refines the mass calibration and matches the LC-MS features to mass and (elution) time tags in a reference database. The identified LC-MS features and the peptide/protein identifications can then be exported for further analysis using programs such as Microsoft Excel or Microsoft Access.
CORE FUNCTIONS AND FEATURES
VIPER uses a graphical user interface (GUI) to generate 2D plots that display the monoisotopic masses observed in each mass spectrum ( Fig. 1 ) and the LC-MS features discovered when VIPER groups related data points by mass and elution time. However, unlike visualization programs, such as Pep3D (Li et al., 2004) and MS vendor-supplied data acquisition software, VIPER maps the observed LC-MS features onto known AMT tags in reference databases to identify peptides. VIPER can also run in an automated mode, loading and processing data based on customizable, user-defined settings. It is primarily intended to work with monoisotopic mass data, as obtained by deisotoping mass spectra from medium to high resolution mass spectrometers (e.g. TOF, FTICR or Orbitrap). It can read several file formats including .CSV, .mzXML and .mzData. Comma-separated value (.CSV) files can be generated by Decon2LS, an open source software package for deisotoping LC-MS data (available free of charge at http://ncrr.pnl.gov/ software/), while mzXML and mzData are standard XMLbased formats for MS data.
Data processing algorithms
The first major analysis step performed by VIPER is to discover LC-MS features from MS features present in individual spectra. To do so, VIPER groups similar MS features in adjacent spectra using a single linkage clustering algorithm with a weighted Euclidean distance function to calculate the distance between features (Fig. 1) . Each LC-MS feature is assigned a median mass, a central normalized elution time (NET) and an abundance estimate. When an experiment has used isotopic labeling for relative quantitation, VIPER searches for pairs of LC-MS features with similar elution times, *To whom correspondence should be addressed. In order to identify the LC-MS features, an AMT tag database must be selected to import data from either a Microsoft SQL Server database or from a Microsoft Access database. Once the reference data is loaded, VIPER calibrates the elution times of each LC-MS feature using either a linear alignment function or the recently developed LCMSWARP algorithm (Jaitly et al., 2006) . LCMSWARP is a dynamic programming algorithm that scores the similarity between subsections of the LC-MS and LC-MS/MS datasets, then finds a transformation function by discovering the best path between the subsections. It also perform mass recalibration using an additive model to model mass errors as a function of elution time and m/z. LC-MS features are then identified by matching the monoisotopic mass and calibrated elution times of features to those of peptides in the database based on their mass and elution time coordinates. Ambiguity due to multiple matches is resolved using relative probabilities based on the Mahalanobis distance and relative probability of the peptides being observed (Anderson et al., 2006) . VIPER next generates a list of mass differences between LC-MS features and matching AMT tags. These matches contain both true and false matches. The distribution is separated into normal (true matches) and uniform (random matches) components using an Expectation Maximization algorithm (Fig. 8 in the Supplementary Material). The standard deviation of the NET and mass components is used to compute the appropriate mass and NET tolerances for filtering the matched AMT tags, thereby improving the confidence in the peptide identifications by removing the background false positive matches. Additional details of the data processing steps are available in the Supplementary Material.
Visualization tools
VIPER's GUI interface allows users to navigate 2D plots of mass and elution time for a particular dataset. MS features in the main display can be colored to indicate the charge state of the ion detected (Fig. 1) , while the user may restrict the points to be visualized using various filters. The LC-MS Feature Browser allows the user to individually examine each LC-MS feature. As the features are browsed, a selected ion chromatogram (abundance versus time) is displayed and the 2D plot is automatically updated to display the region of interest in mass-time space. The Pairs Browser (Fig. 9 in the Supplementary Material) performs a similar function for pairs of LC-MS features identified, plotting the abundance of each feature against scan number to provide a visual indication of the relative abundance of each member of the pair.
SUMMARY
VIPER combines into one software package a host of useful functions and capabilities that facilitate and standardize analysis and processing of LC-MS data for peptide quantitation and identification using the AMT tag approach. The software includes an interactive GUI interface, plus the ability to automatically analyze a series of datasets using a parameter file to guide the analysis. The Supplementary Material includes a list of 23 selected publications for which VIPER was used for the data analysis, including a summary of the results from Hixson et al. (2006) .
